Abstract Molecular markers play an essential role today in all aspects of plant breeding, ranging from the identification of genes responsible for desired traits to the management of backcrossing programs. The emergence of marker systems has, for the last 30 years, closely tracked developments in biochemistry and molecular biology. Following the demonstration that retrotransposons are ubiquitous, active, and abundant in plant genomes, markers were developed that are based on the insertional polymorphism they create upon replication. They virtually all exploit the joint that is formed, during retrotransposon integration, between genomic DNA and the long terminal repeats at either end of retrotransposon. The various retrotransposon marker systems differ in the nature of the second primer used in the amplification reactions. All except one of these marker methods is dominant (RBIP is co-dominant). Hence, the availability of effective means to generate doubled haploid populations through gametophytic embryogenesis is valuable for the efficient use of these markers. Over the last eight years, retrotransposon-based markers have been developed for crop species and trees across the plant kingdom, as well as for fungi and insects. Many retrotransposons features make them appealing as the basis of molecular marker systems. They are usually dispersed throughout the genome and produce large genetic changes at the point of insertion that can be detected with familyspecific amplification primers. The ancestral state of a retrotransposon insertion is known, and subsequent changes at the locus are not subject to homoplasy. Retrotransposon markers are useful in accelerating backcrossing programs, tagging genes of interest, tracking germplasm, verifying and producing pedigrees, and examining crop evolution. 
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Introduction
The use of traits in plant as markers for their genetic relationship predates genetics itself. In the 18th century, Carl Linnaeus (later Carl von Linné ) used the number and arrangement of plants' sexual organs to determine their systematic relationship. Gregor Mendel derived his principles of inheritance by following visible traits in the progeny of sexual crosses, and the use of morphological markers has continued to the present day. Markers play an essential role today in the study of variability and diversity, in the construction of linkage maps, and in the diagnosis of individuals or lines carrying certain linked genes. Within this context, the limitations of morphological markers became quickly apparent. They tend to be restricted to relatively few traits, display a low degree of polymorphism, are often environmentally variable in their manifestation, and can depend on the expression of several unlinked genes. Furthermore, some may affect plant viability or seed set, distorting gene frequencies in the progeny.
The emergence of marker systems has, for the last 30 years, closely tracked developments in biochemistry and molecular biology. Morphological markers were largely supplanted by biochemical markers, particularly isoenzymes that could be easily scored by electrophoresis (Ganapathy and Scandalios 1973; Tanksley 1983) . The limitations of isoenzmyes as markers, in particular both the limited number of polymorphic enzymes that can be conveniently stained and the environmental effects on expression pattern, were apparent already twenty years ago (Tanksley 1983) . The shortcomings drove the development of markers based on DNA polymorphisms. These marker types generate ''fingerprints,'' distinctive patterns of DNA fragments resolved by electrophoresis and detected by staining or labeling. A molecular marker is in essence a nucleotide sequence corresponding to a particular physical location in the genome. Its sequence needs to be polymorphic enough between plant accessions to allow its pattern of inheritance to be easily followed.
A natural outgrowth of isoenzyme markers, following the cloning of the genes for enzymes, was the development of RFLPs (restriction-fragment length polymorphisms). As for isoenzymes, RFLPs began in the world of human genetics (Botstein et al. 1980) . This method exploits variation in the occurrence of restriction sites in genomic sequences hybridizing to a cloned probe. Originally, RFLP analysis required Southern blotting and hybridization (Botstein et al. 1980) , making the method fairly slow and laborious. This method is still used to generate ''anchor'' markers, used by many researchers to make consensus recombinational maps, though it is often implemented with the polymerase chain reaction (PCR) to generate the polymorphic fragments.
The advent of PCR made possible many other marker methods. These fall into two broad categories: methods that detect specific, cloned, and sequenced targets in the genome; methods that use conserved or general primers that amplify from many anonymous sites throughout the genome. Of the latter category, the first to be developed was Randomly Amplified Polymorphic DNA (RAPDs; Williams et al. 1990 ). The RAPDs are indeed rapid, and need only short primers of random sequence, but suffer from low polymorphism information content (PIC), poor correlation with other marker data, and problems in reproducibility due to the low annealing temperatures in the reactions. Among the methods targeting known sites, an important one to emerge around 1990 was the detection of simple sequence repeats (SSRs) or microsatellites in plants (Zhao and Kochert 1993) . These require sequence data for each locus, slowing development in new species. On the other hand, the Amplified Fragment Length Polymorphism method (AFLP Ò ), introduced in the mid 1990s, is an anonymous marker method. It detects restriction sites by amplifying a subset of all the sites for a given enzyme pair in the genome by PCR between ligated adapters (Vos et al. 1995) . To some extent, both AFLP Ò and RFLP detect single nucleotide polymorphisms (SNPs) at restriction sites. Today, perhaps the marker systems receiving the greatest attention concern the detection of SNPs. These are generally not random, but ones found in genes of interest. There are an abundance of methods available, and the field is rapidly evolving.
All of these methods, RFLP, RAPDs, microsatellites, AFLP Ò , and SNPs, detect variations at one or only a few nucleotide positions. An important category of large changes to the genome is the insertion of retrotransposons at new loci. Our colleagues and we were working on the retrotransposon life cycle and the role of retrotransposons in genome evolution, and realized that these genome components could be exploited for the development of molecular markers. They offer the advantage of a multitude of insertion sites, enabling dense recombinational maps, and a low investment to develop markers for a new species. Furthermore, retrotransposon families can be chosen to provide the phylogenetic resolution required for any particular project.
LTR retrotransposons
Retrotransposons, also called Type I transposable elements, are abundant throughout the genomes of virtually all plants (Flavell et al. 1992; Voytas et al. 1992; Suoniemi et al. 1998) . In plants, the LTR (long terminal repeat) retrotransposons appear to be the most plentiful and the most active, as gathered from genome sequencing projects (Arabidopsis Genome Initiative 2000; Consortium 2003) . Unlike the DNA transposons, or Type II transposable elements, which brought Barbara McClintock fame (McClintock 1984) , retrotransposons do not excise as part of their mobilization. Instead, they are transcribed as normal genes are from a promoter. The mRNA is then reverse-transcribed into a cDNA that is ultimately integrated back into the genome as a new daughter copy. The LTRs are given this name because they are direct repeats of at least several hundred nucleotides, and are present at both ends of the element. The LTR provides both the promoter for transcription as well as the termination signals (Fig. 1) . Immediately internal to the LTRs are the priming sites for reverse transcription. The large central part of the retrotransposon encodes the proteins needed for reverse transcription, packaging into virus-like particles, and integration back into the genome.
Both the overall structural features as well as the basic stages of the life cycle are shared by the retrotransposons and the retroviruses (Frankel and Young 1998; Kumar and Bennetzen 1999; Kim et al. 2004 ). However, rather than escaping Fig. 1 Organization of an LTR retrotransposon. The retrotransposon is bounded by long terminal repeats (LTRs) which contain the transcriptional promoter and terminator. The LTRs contain short inverted repeats at either end, shown as filled triangles. Reverse transcription is primed at the PBS and PPT domains, respectively for the (-)-and (+)-strands of the cDNA. The internal region of the retrotransposon codes for the proteins necessary for the retrotransposon life cycle: the capsid protein (GAG), which packages the transcript into a virus-like particle; aspartic proteinase (AP), which cleaves the polyprotein (AP); integrase (IN), which inserts the cDNA copy into the genome; reverse transcriptase (RT) and RNaseH (RH), which together copy the transcript into cDNA. The GAG is often in a different reading frame, shown as a shifted box. The order of coding domains shown here is typical for copialike elements; in gypsy -like elements, the IN domain is found at the 3¢ end of the internal domain. The internal region contains evolutionarily conserved domains, necessary for function, that can be used to isolate retrotransposons from previously unstudied plant species. These are noted below the element as black boxes. The LTRs are generally well-conserved within families, and can serve for the design of primers to generate DNA footprints (Fig. 2) . The areas of conservation suitable for primer design are noted as hatched boxes below the element diagram. Direct repeats in the flanking genomic DNA are generated upon retrotransposon integration; these are depicted as large arrow heads. The flanking genomic DNA is shown as a wavy line. The apposition of a long element bearing conserved sequences, with genomic DNA of random sequence is the basis for retrotransposon marker methods Euphytica (2007) (Pearce et al. 1996; SanMiguel et al. 1996; Shirasu et al. 2000) . Although most prevalent retrotransposons are dispersed throughout the genome, at least in the cereals and citrus they are often locally nested one into another and in domains that can be referred to as ''retrotransposon seas'' surrounding gene islands (SanMiguel et al. 1996; Shirasu et al. 2000; Ramakrishna et al. 2002; Bernet and Asins 2004; Gu et al. 2004; Kong et al. 2004; Sabot et al. 2005) . This arrangement in part explains why such few genes, compared with the number of retrotransposons, suffer insertional mutagenesis from retrotransposon activity. Their abundance, general dispersion, and activity make them ideal as the sources for the development of molecular markers.
Retrotransposons as molecular markers
As for the other molecular marker systems, the emergence of retrotransposon-based methods followed the basic research that demonstrated their ubiquity and activity in the plants (Grandbastien et al. 1989; Flavell et al. 1992; Voytas et al. 1992; Suoniemi et al. 1998) . Similarly to other most recent marker methods, those based on retrotransposons rely on PCR. All but one of the retrotransposon techniques is anonymous, producing fingerprints from multiple sites of retrotransposon insertion in the genome (Schulman et al. 2004) . They all exploit the joint that is formed, during retrotransposon integration, between genomic DNA and the LTRs at either end of retrotransposon. Primers are generally designed to the LTRs near to the joint, in domains that are conserved within families but that differ between families (Fig. 2) . Although regions internal to the LTR that also contain conserved segments can be used for this purpose, generally the LTRs are chosen to minimize the size of the target to be amplified. Because the LTRs are direct repeats, a primer facing outward from the left, or 5¢, LTR will necessarily face inward from the right, or 3¢ LTR. Depending on the nature of the second primer, the inward facing primer will either not amplify a product, produce a monomorphic band, or will detect polymorphism resulting from a nested insertion pattern. The various retrotransposon marker systems differ in the nature of the second primer used in the amplification reactions ( Fig. 2 ; Schulman et al. 2004 ). The second primer can be any feature in the genome that is dispersed and conserved. The SSAP (Sequence-Specific Amplified Polymorphism) method (Waugh et al. 1997) amplifies products between a retrotransposon integration site and a restriction site to which an adapter has been ligated. In the IRAP (InterRetrotransposon Amplified Polymorphism) method, segments between two nearby retrotransposons or LTRs are amplified (Kalendar et al., 1999) . The IRAP primers can be from the 5¢ and 3¢, outward facing, ends of the LTR of a single retrotransposon family or they can be from . The elements are shown oriented head-to-head, using a single primer. (c). The REMAP method. Amplification takes place between a microsatellite domain (vertical bars) and a retrotransposon, using a primer anchored to the proximal side of the microsatellite (P M ) and a retrotransposon primer (P T ). (d) RBIP. Full sites, depicted left, are scored by amplification between a primer in the flanking genomic DNA (here, primer P FL matches the left flank) and a retrotransposon primer (P T ). The single product is shown as one bar beneath the diagram. The alternative reaction between the primers for the left and right flanks, P FL , and P FR , respectively, is inhibited in the full site by the length of the retrotransposon. The product that is not amplified is indicated by the grey bar beneath the diagram. The flanking primers are able to amplify the empty site, right, depicted as a bar beneath the diagram each of two families. Single LTR primers amplify nearby elements in the head-to-head or tail-to-tail orientation. The REMAP (Retrotransposon-Microsatellite Amplified Polymorphism) approach detects retrotransposons integrated near a microsatellite (Kalendar et al. 1999; Provan et al. 1999) . Generally, SSAP has been carried out on sequencing gels due to the large number of products generated, whereas IRAP and REMAP have used agarose systems. However, IRAP and REMAP can be adapted to sequencers.
These methods generate tens to hundreds of products in each amplification reaction, depending on the prevalence of the retrotransposon family and on the organization of the genome of the plant being studied. Depending on the analysis method being used (agarose gel or sequencer), one needs to balance the PCR performance against the electrophoretic resolution to optimize the information yield from the system. The number of amplification products in SSAP can be reduced by adding selective bases either to the adapter primer or to the LTR primer. In IRAP, selective bases can be added to the LTR primer. For REMAP, either the LTR primer or the microsatellite primer can be made more selective. Direct comparisons of retrotransposon methods with AFLP Ò indicate that the retrotransposon markers are considerably more informative in a variety of crops (Waugh et al. 1997; Ellis et al. 1998; Yu and Wise 2000; Porceddu et al. 2002; Tam et al. 2005) .
The sole retrotransposon method designed to detect polymorphism in the integration of an element at a particular locus is RBIP (Retrotransposon-Based Amplified Polymorphism) (Flavell et al. 1998 ). The RBIP primers match single-copy DNA flanking the insertion site (Fig. 2) . Generally, a third primer from the LTR or internal region is used that faces towards one of the flanks. Using the flanking primers together, a product will be generated from an empty site, lacking the retrotransposon, but not from a full site because of the length of most retrotransposons. A flanking primer and a facing LTR primer will yield a product from a full site but not, of course, from an empty site.
The basic RBIP method has been developed for high-throughput applications by replacing gel electrophoresis with hybridization on a filter (Flavell et al. 1998) . The PCR reactions detecting the occupied sites and unoccupied sites are carried out separately, the products spotted onto membranes, and probed with a locus-specific probe. Use of a sensitive, oligo-based labeling method, TAM, has allowed the dot blot approach to be scaled down to microarrays with the attendant advantages in efficiency and data collection (Flavell et al. 2003) .
Gametophytic embryogenesis and retrotransposon markers
The IRAP, REMAP, and SSAP marker systems are all dominant, as are RAPDs, RFLP, and AFLP. For the retrotransposons, this means that a PCR product is amplified from a genome with a particular configuration of element insertions, but the PCR pattern resulting from a specific alternative allelic state, where a particular insertion is missing, is not a priori predictable. This is due to the complexity of multi-target PCR reactions amplifying anonymous targets. While it may be possible to map two polymorphisms to the same site, and demonstrate by sequencing that they correspond to two allelic states differing by the insertion of a retrotransposon, this is very tedious in practice. It may also be possible to detect the presence of one or two doses of a retrotransposon marker band, thereby scoring heterozygotes and homozygotes, although band intensity may also vary due to the reaction conditions as well. The only true co-dominant retrotransposon marker system is RBIP. The RBIP method requires appreciable investment to develop for a new species, and this may be difficult in cases where most retrotransposon insertions are nested.
A way to overcome the dominant nature of the other marker systems is, however, to use genetically homozygous material. For mapping populations, the ideal material is double-haploid (DH) lines. Populations consisting of DH lines have been used in a wide variety of mapping efforts employing a diversity of marker systems, following the early publications on their advantages (Choo 1981; Dunn et al. 1991) . The efficacy of DH populations for the mapping of retrotransposon markers, and in the mapping of genes with retrotransposon markers, has been well established (Waugh et al. 1997; Manninen et al. 2000) . With this in mind, the availability of methods for gametophytic embryogenesis goes hand-in-hand with effective deployment of retrotransposon markers in mapping efforts.
Development and application of retrotransposon markers
Markers based on LTR retrotransposons, in one or other of the manifestations described above, or generically referred to as ''transposon display,'' have come of age since their introduction; at least 35 studies had been published by mid-2005. These cover the gamut from cereals and grasses to cashew and coconut, tomato and pepper, pea and beans, fungi and insects. The applications range from investigations of retrotransposon activation and mobility to studies of biodiversity and genome evolution, to the mapping of genes and the estimation of genetic distance, to assessment of essential derivation of varieties. Because LTR retrotransposons are ubiquitous, these methods are generic. Furthermore, similar approaches have been applied to the non-LTR retrotransposons in the plants, in particular to the SINE elements (Cheng et al. 2002 (Cheng et al. , 2003 Prieto et al. 2005) . The insertion pattern of the human Alu, a SINE and the most prevalent transposable element in the human genome, has not only served as a tool in many studies of human population structure (Watkins et al. 2003) , but also been linked to various heritable diseases (Deininger and Batzer 1999; Jurka 2004) . In principle, retrotransposon-or endogenous retrovirus-based molecular markers could prove highly useful in animals, including mammals and birds.
Deployment of a retrotransposon marker system into a species where the methods have not been previously used requires PCR primers that will recognize a retrotransposon and, in the case of RBIP, the flanking sequences. In our experience, LTR primers can be readily used across species lines, among closely related genera, and even sometimes between plant families. However, the retrotransposon targets that can be amplified by heterologous primers developed in a different species tend to be members of old families of elements present before the divergence of the plant clades in question. Old families of elements tend to be more quiescent in generating new insertions than are young families. Hence, if one wishes to study closely related varieties or breeding lines, one should develop a native retrotransposon system. This requires the cloning and sequencing of elements from the new species. This process begins with amplification and cloning of segments between retrotransposon domains that highly or universally conserved, development of new primers specific for the retrotransposon families found, and testing these for their efficacy as markers (Pearce et al. 1999; Jing et al. 2005) In practice, having carried out the procedure in some half dozen species (unpublished results), we find about one person-year of time is needed to have developed a fully functioning system in a new species and have produced the initial diversity data sets.
In principle, a marker from any of the multilocus, anonymous systems (SSAP, IRAP, REMAP) can be converted into a corresponding RBIP marker and vice versa. Markers from the former methods are very easy to harvest and they can be quickly examined for their informativeness before taking on the investment of developing a corresponding RBIP marker. Electrophoretically resolved bands from SSAP, IRAP, and REMAP are derived from one side of a retrotransposon insertion. Sequencing of the isolated, informative bands will enable the design of a PCR primer corresponding to the flanking genomic DNA at one side of the insertion, assuming that the sequence is not repetitive and therefore unusable. However, the genomic sequence flanking the other side of the element needs to be found in order to score the empty site. This can be obtained by screening germplasm accessions that are polymorphic for the original band, then carrying out a SSAP reaction on these, where the LTR primer is replaced with a primer designed to the known flank that is facing toward the insertion site.
Conclusions
Many features of retrotransposons make them appealing as the basis of molecular marker systems. They are ubiquitous, abundant, dispersed components of eukaryotic genomes. Their activity simultaneously leads to genome diversification and provides a means of its detection. Retrotransposons are long and produce a large genetic change at the point of insertion, thereby providing conserved sequences that can be used to detect their own integration. This event is not linked to removal of the transposable element from another locus, as it is for DNA transposons. Even the loss of the core domain of a retrotransposon by LTR-LTR recombination (Shirasu et al. 2000 ) is invisible to the marker methods using outward-facing LTR primers. The ancestral state of a retrotransposon insertion is obvious-it is the Euphytica (2007) 158:313-321 319 empty site. This is very helpful in pedigree and phlyogenetic analyses. Later recombination events at a full site are highly unlikely to regenerate the original empty site. In contrast, microsatellites, SNPs, and methods relying on gain or loss of restriction sites (in essence SNPs), suffer from a lack of temporal directionality in the changes they detect, resulting in the problem of homoplasy. For example, SINE elements have served to trace human roots to Africa (Batzer et al. 1994; Watkins et al. 2003) , to determine the relationship of whales to even-toed ungulates (Shimamura et al. 1997) , and to clarify the relationships between wild rice species (Cheng et al. 2003) .
The retrotransposon insertions that provide useful polymorphisms are, of course, only those that are clonally passed into the egg cells and pollen. One can thus think of the retrotransposons as sexually transmitted diseases, albeit ones that move by a cellular, rather than extracellular, pathway into the new host. Linneus wrote in De Systema Naturae in 1735, ''The flowers' leaves... do service as bridal beds which the Creator has so gloriously arranged, adorned with such noble bed curtains, and perfumed with so many soft scents that the bridegroom with his bride might there celebrate their nuptials with so much the greater solemnity...'' Although he was concentrating on the morphology of the ''bridal canopy'' for his systematics, we find that the retrotransposons, transmitted under that canopy, are much more effective for deciphering plant relationships.
